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Syringomycin E is an antifungal cyclic lipodepsinonapeptide that inhibits the growth of Saccharomyces
cerevisiae by interaction with the plasma membrane. A screen conducted to find the yeast genes necessary for
its fungicidal action identified two novel syringomycin E response genes, SYR3 and SYR4. A syr3 mutant allele
was complemented by ELO2 and ELO3. These genes encode enzymes that catalyze the elongation of sphingo-
lipid very long chain fatty acids. Tetrad analysis showed that SYR3 was ELQO2. Strains with deletions of
SYR3/ELO2 and ELO3 were resistant to syringomycin E, and lipid analyses of both mutants revealed shortened
fatty acid chains and lower levels of sphingolipids. SYR4 was identified by Tn5 inactivation of genomic library
plasmids that complemented a syr4 mutant allele. SYR4 was found to be identical to IPT1, which encodes the
terminal sphingolipid biosynthetic enzyme, mannosyl-diinositolphosphoryl-ceramide synthase. Deletion Asyr4/
ipt]l strains were viable, were resistant to syringomycin E, did not produce mannosyl-diinositolphosphoryl-
ceramide, and accumulated mannosyl-inositolphosphoryl-ceramide. Accumulation of mannosyl-inositolphos-
phoryl-ceramide was not responsible for resistance since a temperature-sensitive secretory pathway mutant
(sec14-3*) accumulated this sphingolipid and was sensitive to syringomycin E. Finally, Acsgl/surl and Acsg2
strains defective in the transfer of mannose to inositolphosphoryl-ceramide were resistant to syringomycin E.
These findings show that syringomycin E growth inhibition of yeast is promoted by the production of sphin-
golipids with fully elongated fatty acid chains and the mannosyl and terminal phosphorylinositol moieties of

the polar head group.

Syringomycin E is a member of a family of small cyclic
lipodepsinonapeptides (ca. 1,200 Da) produced by the plant
bacterium Pseudomonas syringae pv. syringae (38). Other mem-
bers include syringomycin A; and G, the syringostatins, the
syringotoxins, and the pseudomycins (2, 38). All possess a
characteristic tetrapeptidyl sequence (dehydroaminobutanoic
acid-hydroxyaspartic acid-chlorothreonine-serine) and a 3-hy-
droxy fatty acid attached to the N-terminal serine. These me-
tabolites are fungicidal to a broad range of fungi, including
yeast and human pathogens (33), and they show relatively low
levels of toxicity to plants (21) and cutaneous animal tissues
(33). Syringomycin E was recently shown to be partly respon-
sible for the biological control of fungal pathogens on posthar-
vest citrus fruits by certain P. syringae pv. syringae strains (5).
Syringomycin E interacts with the fungal plasma membrane,
where it causes K* efflux, Ca®* influx, and changes in mem-
brane potential by processes that are likely related to channel
formation (14, 38).

Molecular genetic studies with yeast were initiated to more
precisely define the antifungal mechanism of action of syrin-
gomycin E. Syringomycin E-resistant mutants of Saccharomy-
ces cerevisiae were generated to permit identification of the
mutated genes by complementation (39). Two genes, repre-
senting two of eight syringomycin E-resistant complementation
groups, have been characterized. SYRI/ERG3 encodes the ste-
rol C-5,6 desaturase for the biosynthesis of ergosterol, the
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primary sterol in the yeast plasma membrane (39). SYR2 is
required for sphingoid base C-4 hydroxylation, a nonessential
step in sphingolipid biosynthesis, revealing that C-4 OH-phy-
toceramide-based sphingolipids are required for syringomycin
E action (7, 17). Thus, sterols and sphingolipids appear to be
important factors for the susceptibility of yeast to syringomycin
E.

Sphingolipids are involved in numerous cellular processes,
such as protein anchoring, stress responses, and apoptosis (19,
20). In S. cerevisiae, the sphingolipids are predominantly lo-
cated in the plasma membrane, and they constitute about 40%
of the inositol-containing lipids in this membrane (10, 12). The
three major species of S. cerevisiae sphingolipids differ by polar
head group composition, and they are inositolphosphoryl-cer-
amide (IPC), mannosyl-inositolphosphoryl-ceramide (MIPC),
and mannosyl-diinositolphosphoryl-ceramide [M(IP),C] (20).
Of the three, only IPC is essential for growth in standard
laboratory growth media, and the specific functions of MIPC
and M(IP),C are not yet understood (10).

In addition to SYR2, several other yeast sphingolipid biosyn-
thetic genes that are nonessential for growth have been iden-
tified (10). ELO2 and ELO3 are responsible for the conversion
of C,4 and C, fatty acids to the very long chain (C,, to Cy)
fatty acids that are N-acylated to the ceramide moieties of
sphingolipid molecules (27). Both genes provide the ability to
make C,, and C,, acyl chains, but only ELO3 gives the ability
to convert fatty acids from C,, to C,,. ELO2 is identical to
GNS1 and FENI, and mutations of these genes confer resis-
tance to the echinocandins, the sterol isomerase inhibitor
SR31747, and fenpropimorph (13, 31). ELO3 is identical to
SUR4, SRE1, and APAI; when ELO3 is mutated it confers
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TABLE 1. S. cerevisiae strains used in this study

Strains Genotype Reference
W303-1A MATa/MATo ade2/ade2 his3/his3 leu2/leu2 trpl/trpl ura3jura3 7
W303-2a MATa/MATo ade2/ade?2 his3/his3 leu2/leu2 trpl/trpl ura3/ura3 ELO2/elo2::HIS3 This work
W303-3a MATa/MATo ade2/ade2 his3/his3 leu2/leu2 trpl/tripl ura3jura3 ELO3/elo3::HIS3 This work
W303-4a MATa/MATo ade2/ade?2 his3/his3 leu2/leu2 trpl/trpl ura3/ura3 SYR4/syr4::URA3 This work
SS33 MATa his3 leu2 trpl ura3 syr3 38
SS56 MATa his3 leu2 trpl ura3 syr4(iptl) 38
CTY1-1A MATa ura3-52 Ahis3-200 lys2-801 sec14-3° 3
CTY182 MATa ura3-52 Ahis3-200 lys2-801 3
W303H ade2 his3 leu2 trpl ura3 syr4 (iptl)::URA3 (derived from W303-4a) This work
W3031 ade2 his3 leu2 trpl ura3 SYR4 (derived from W303-4a) This work
W303C MATo ade2 his3 leu2 trpl ura3 (derived from W303-1A) 7
W303-Aelo2 MATo ade2 his3 leu2 trpl ura3 elo2::HIS3 (derived from W303-2a) This work
W303-Aelo3 MATo ade2 his3 leu2 trpl ura3 elo3::HIS3 (derived from W303-3a) This work
TDY2037 MATo lys2 ura3-52 trpl Aleu2A) 18
TDY2038 TDY2037 csg2::LEU2 18
39alt22A MATo ura3 his4 leu2 trpl T. Dunn
39alt22A Acsgl 39alt22A csgl:LEU2 T. Dunn

resistance to SR31747 and causes decreased activity of the
plasma membrane ATPase (9, 16, 31). Mutants with mutations
in ELO2 and ELO3 have reduced levels of sphingolipids (27).
IPT1 encodes the enzyme that catalyzes the terminal yeast
sphingolipid biosynthetic step, which involves the transfer of
phosphorylinositol from phosphatidylinositol to MIPC to form
M(IP),C and diacylglycerol (11, 23). Two genes, CSG1/SURI
and CSG2, are necessary for mannosylation of IPC to MIPC
(4). Although nonessential for growth, both are needed for
growth in the presence of 50 mM Ca**.

Here we describe findings that reveal the contributions of
the biosynthetic genes described above to the susceptibility of
yeast to syringomycin E. Two syringomycin E action genes
(SYR3 and SYR4) are shown to be identical to ELO2 and IPT1,
respectively, and mutants defective in these genes are shown to
display resistance to syringomycin E. In addition, ELO3,
CSG1/SURI, and CSG2 are shown to promote susceptibility to
syringomycin E. The findings reveal that production of sphin-
golipids with fully elongated very-long-chain fatty acids and
with polar head groups that possess mannose and the terminal
phosphorylinositol moieties promote the antifungal action of
syringomycin E.

MATERIALS AND METHODS

Strains and growth conditions. The S. cervisiae strains used in the study are
listed in Table 1. The strains were grown at 28 to 30°C with shaking in YPD (1%
yeast extract, 2% peptone, 2% dextrose) medium or in a minimal medium,
SC-leu, SC-his, or SC-ura, prepared as described by Kaiser et al. (22). Sporula-
tion agar plates were prepared as described by Kaiser et al. (22). Escherichia coli
MC1061 (ATCC 37535) carrying the Tn5 delivery vector pCHRS81 was grown in
Luria-Bertani (LB) medium that contained 10 pg of kanamycin per ml at 30°C
to maintain the temperature-sensitive pCHRS81 unless otherwise noted. E. coli
DHS5a was grown on LB medium at 37°C.

Cloning of SYR3 and SYR4/IPT1I. S. cerevisiae SS33 (syr3) and SS56 (syr4) were
transformed by electroporation with a centromeric plasmid pSB32-based yeast
genomic library (gift from Philip Hieter, Johns Hopkins University School of
Medicine). Transformants were replica plated as suspensions onto SC-ura agar
medium with and without 0.5 g of syringomycin E per ml for strain SS33 and 1
p.g of syringomycin E per ml for strain SS56. The plates were incubated for 48 h,
and colonies sensitive to syringomycin E were selected. Complementation and
plasmid dependency were verified by isolating complementing plasmids and
rescreening for the syringomycin E sensitivity phenotype. SYR3 was identified as
ELO2 by sequencing multiple complementing plasmids with a primer directed
toward pSB32, comparing overlapping sequences, and BLAST analysis of yeast
genes catalogued in the Saccharomyces Genome Database (Stanford Universi-
ty).

Tn5 transposon disruption was used to localize and identify SYR4 within the
complementing plasmid as described by Ohya (28), with slight modifications. A
plasmid, p56-1A, that complemented the syr4 mutation in strain SS56 was used

to transform E. coli MC1061 by electroporation. Fifty transformants, selected on
100 pg of ampicillin per ml and 10 g of kanamycin per ml, were picked and used
to inoculate 1-ml cultures in LB medium containing 200 pg of kanamycin per ml.
This medium allowed selection for insertion of Tn5 into p56-1A since only strains
carrying the transposon at high copy numbers grow in the presence of this level
of kanamycin. The cultures were incubated at 37°C to prevent replication of the
Tn5 source, pCHRS1. Plasmids were isolated from 30 cultures that showed
growth and were used to transform strain SS56. Transformants were screened on
SC-ura with and without 1 pg of syringomycin E per ml. Colonies that carried
p56-1A with a Tn5 disruption in SYR4 were identified by their resistance to
syringomycin E.

SYR4 was identified by sequencing a Tn5-disrupted p56-1A that had lost its
ability to complement the syringomycin E resistance phenotype. Sequencing was
from two directions with a primer (GGTTCCGTTCAGGACGCTACTTGTGT
ATAAGAGTC) for the Tn5 transposon and a primer (ATCGACTACGCGAT
CATGGCCACCACACCCGTCCT) directed against pSB32. The sequence was
then used for BLAST analyses of the Saccharomyces Genome Database (Stan-
ford University) to identify the disrupted open reading frame.

Construction of ELO2 and ELO3 deletion strains. ELO2 and ELO3 deletion
strains W303-2a and W303-3a were constructed in the diploid strain W303-1A by
using HIS3-disrupted plasmid constructs pCRelo2HIS and YEpelo3HIS pro-
vided by Charles Martin (Rutgers University), as described by Oh et al. (27).
Transformants were selected on SC-his medium, sporulated, and dissected for
tetrad analysis. Dissected tetrads were replica plated onto YPD agar medium
with and without 1 pg of syringomycin E per ml and SC-his medium.

Construction of a strain with an SYR4 deletion. A 3.1-kb Nsil fragment was
taken from p56-Al and ligated into pRS415 (6) that had been digested with PstI.
The resulting plasmid was digested with BamHI and Xhol, and the SYR4 frag-
ment was purified and ligated into the psp72 vector (Promega, Madison, Wis.),
which was also digested with BamHI and Xhol. A 1.1-kb deletion which resulted
from Pvull digestion of the psp72::SYR4 construct was replaced with a 1.1-kb
URA3 fragment obtained by digesting YCp50 with Smal and Pfml and filling in
the ends with the Klenow fragment. This final construct was linearized by diges-
tion with Clal and BstXI. All DNA working enzymes were from New England
Biolabs (Beverly, Mass.). The linear fragment was used to transform diploid
strain W303-1A by electroporation. Diploid transformants were selected on
SC-ura medium, sporulated, and dissected for tetrad analysis (29). Dissected
tetrads were replica plated onto YPD agar medium with and without 1 pg of
syringomycin E per ml and SC-ura agar medium. SYR4 deletion was confirmed
by Southern blot analysis (22).

Preparation of radiolabeled sphingolipids. Yeast sphingolipids were labeled
and extracted by the methods described by Smith and Lester (32), but with
modifications. Twenty-milliliter cultures were grown at 30°C for 18 to 24 h in
YPD medium containing 0.5 mCi of H;3?PO,. When appropriate, 0.2 mCi of
[2-*H]myo-inositol was also added. Radiochemicals were from ICN Radiochemi-
cals (Irvine, Calif.). Growth was terminated by addition of trichloroacetic acid to
a final concentration of 5%. Cells were collected by centrifugation and washed
once with H,O and were then resuspended in 1 ml of H,O. Lipids were extracted
by addition of 1.4 ml of ethanol-ether-pyridine (1:0.33:0.067; vol per vol) and
incubation at 57°C for 30 min. The debris was pelleted by centrifugation and
supernatants were removed and placed into clean tubes. The samples were dried
under N, and stored at 4°C. The lipids were deacylated by two alternative
methods. By method 1, dried lipid extracts were redissolved in 1 ml of solvent A
(chloroform-methanol-water [16:16:5; vol per vol]). An equal volume of 0.2 N
NaOH in methanol was added to each sample, and the mixture was incubated at



1176 STOCK ET AL.

30°C for 45 min. To each sample, 1.1 ml of 0.5% (wt/vol) EDTA was added, and
the mixtures were neutralized by addition of 0.2 ml of 1 N acetic acid. The
nondeacylated lipids were extracted with 0.5 ml of chloroform, dried under N,,
and resuspended in 0.5 ml of solvent A. By method 2, dried lipid extracts from
5 ml of culture were resuspended in 0.5 ml of methylamine reagent (25%
methylamine in water [42.8%], methanol [45%], n-butanol [11.4%]). The sam-
ples were incubated at 53°C for 50 min before vacuum drying by centrifugation
(SpeedVac; Savant Instruments). The dried samples were then suspended in 100
wl of solvent A, and 10 pl of each sample was used for thin-layer chromato-
graphic analysis.

Thin-layer chromatography of radiolabeled lipids. Labeled sphingolipids were
separated by either one- or two-dimensional thin-layer chromatography as de-
scribed by Steiner and Lester (35), with modifications. Samples were spotted
onto 1-mm-thick silica G plates (Analtech Inc., Newark, Del.) that were dipped
in 2.5% (wt/vol) EDTA, with the pH adjusted to 7.2 with NH,OH. The plates
were dried at room temperature for 1 h and then overnight at 45°C. The plates
were developed in the first dimension in CHCl;-CH;0H-4.2 N NH,OH (9:7:2;
vol/vol). The second-dimension solvent was CHCIl;-CH;OH-CH;COOH-H,0
(15:6:4:1.6; vol/vol). The plates were dried for 30 min at room temperature and
for 10 min at 50°C between the first- and second-dimension runs. Labeled lipids
were detected by autoradiography. The identifications of IPC, MIPC, and
M(IP),C on the chromatograms were made by comparisons to the chromato-
graphic positions of purified sphingolipids prepared by the methods of Smith and
Lester (32). The identities of purified IPC, MIPC, and M(IP),C were confirmed
by electrospray ionization mass spectroscopy.

Fatty acid analysis. Very long chain fatty acids were extracted from cells grown
in 20 ml of SC-ura or SC-his media. Twenty A4, units of each strain was used for
extraction. Reverse-phase high-pressure liquid chromatography (HPLC; column
dimensions, 250 by 4.6 mm [Alltech Econosil C,4 column]; particle size, 10 pm)
was used to separate and quantify UV-absorbing phenacyl derivatives of the
very-long-chain fatty acids. Saponification, derivatization, and HPLC analyses
were performed as described by Lester et al. (25). Authentic fatty acid standards
were obtained from Sigma Chemical Co.

RESULTS

S. cerevisiae SS33 and SS56 were used to clone the syringo-
mycin E sensitivity genes SYR3 and SYR4, respectively. These
are representative strains of two of eight distinct genetic
complementation groups generated from a large collection of
mutants resistant to growth inhibition by syringomycin E (39).
SYR3 and SYR4 were cloned by gene complementation with
yeast genomic libraries (29). Approximately 3,500 transfor-
mants of each strain were screened for recovery of growth
sensitivity to syringomycin E at 1 pg per ml.

Cloning and identification of SYR3/ELO2 and ELO3. Four
syringomycin E-sensitive transformants of strain SS33 were
isolated. The genomic library inserts of three complementing
pSB32-based plasmids, 33-5, 33-6, and 33-15, were sequenced
by using a primer directed toward pSB32. Sequence compari-
sons by BLAST analysis (1) with the Saccharomyces Genome
Database (Stanford University) revealed that two of the plas-
mids, 33-5 and 33-6, contained the gene ELO2. ELO2 (which
is the same as FENI) encodes the enzyme that catalyzes the
elongation of the sphingolipid very-long-chain fatty acids up to
C,4 (27). The genomic DNA insert of 33-15 contained se-
quences that corresponded to the gene ELO3. ELO3 (which is
the same as SUR4) encodes an enzyme that catalyzes the elon-
gation of very-long-chain fatty acids up to C,4 and that can
complement mutant defects of ELO2 (27).

Deletion of ELO2 and ELO3 and effect on susceptibility to
syringomycin E. To examine if ELO2 and ELO3 encoded
functions that promoted growth inhibition by syringomycin E,
we constructed strains with deletions of each of these genes by
the one-step disruption method (30). Linearized HIS3 disrup-
tion plasmid constructs with Aelo2 or Aelo3 (pCRelo2HIS and
YEpelo3HIS, respectively) (27) were used to transform diploid
wild-type strain W303-1A. Transformants of each construct
were sporulated and were subjected to tetrad analysis. Twenty-
two tetrads from Aelo2/ELO?2 diploids and seven tetrads from
Aelo3/ELO3 diploids were dissected. Twenty-one of the former
group of tetrads and all of the latter group of tetrads showed

ANTIMICROB. AGENTS CHEMOTHER.

W303C

11500 4

:

o OH-C22
aOH-C26

Relative Absorbance
g

o b

10 . 15 20
min

W303 —Aelo2

13500
11500

7500
5500

1500

Relative Absorbance

a .
N
o

15 20
min

W303 —Aelo3

13500
11500
9500
7500 i
5500
3500
1500
-500 & T - J

Relatlve Absorbance

L

FIG. 1. HPLC analysis of fatty acid derivatives from elo2 and elo3 syringo-
mycin E-resistant mutants. Shown are the HPLC profiles of the phenacyl fatty
acid derivatives of strains W303C (ELO2 ELO3), W303-Aelo2, and W303-Aelo3.
Twenty microliters from each extract was analyzed as described in Materials and
Methods.

2:2 cosegregation of the syringomycin E resistance phenotype
and growth on SC-his medium.

To determine whether SYR3 was ELO2 or ELO3, tetrad
analyses were performed with diploids produced by crossing
haploid strain SS33 (syr3) with strains with disruptions in
ELO2 or ELO3 (W303-Aelo2 or W303-Aelo3, respectively). All
diploids were resistant to syringomycin at 1 wg per ml, and all
meiotic segregants of nine tetrads derived from the SS33/
W303-Aelo2 cross were also resistant. In contrast, diploids
from the SS33/W303-Aelo3 cross sporulated poorly, and ger-
mination of meiotic segregants could not be achieved. The
latter phenotypes are reminiscent of fen!/FENI and sur4/SUR4
(which is the same as elo2/ELO2 and elo3/ELO3) diploids (31),
indicating that strain SS33 has a mutation in ELO2. Alto-
gether, these results support the notion that SYR3 is ELO2,
and like elo2 mutants, syr3 mutants can be complemented by
ELO3.

Lipid analyses of strains W303-Aelo2 and W303-Aelo3.
Long-chain fatty acid analysis of representative segregants
from which genes were deleted (strains W303-Aelo2 and
W303-Aelo3) showed defects in the synthesis of very long chain
fatty acids (Fig. 1 and Table 2). Strain W303-Aelo2 produced
elevated amounts of «OH-C,, very-long-chain fatty acids and
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TABLE 2. Very-long-chain fatty acid compositions of Aelo2 and
Aelo3 strains

Mean * SD % total peak area”
Strain

aOH:C,,

0612008 (n=4)  1.562*0.76 (n = 4)
0.707 022 (n=4)  0.958 = 0.56 (n = 4)
0.648 = 0.28 (n = 3) ND”

aOH:Cy¢

W303C (wild type)
W303-Aelo2
W303-Aelo3

“ Determined from data presented in Fig. 1.
? ND, not determined.

reduced amounts of «OH-C:,, fatty acids. Strain W303-Aelo3
did not produce C,4 very-long-chain fatty acids. Strain SS33
(syr3) showed the same fatty acid profile as strain W303-Aelo2.
These fatty acid profiles are consistent with those reported by
Oh et al. (27) for elo2 and elo3 mutants.

Oh et al. (27) showed that the chain lengths of the very-long-
chain fatty acids influence the overall cellular sphingolipid
composition. The sphingolipid levels in strains W303-Aelo2
and W303-Aelo3 were analyzed to determine if these effects
occurred in the W303-1A genetic background. The sphingo-
lipid profiles for strains W303-Aelo2 and W303-Aelo3 showed
significant decreases in the levels of total sphingolipids as mea-
sured by the level of **P incorporation (Fig. 2). Total sphin-
golipids of strains W303-Aelo2 and W303-Aelo3 had **P counts
of 3,654 = 435 (standard deviation) (n = 3) and 3,426 * 690
(n = 3) cpm per mg (dry weight) of cells, respectively, while the
wild-type strain had 6,471 = 501 (n = 3) cpm per mg (dry
weight) of cells. Both mutant strains also showed significant
decreases in M(IP),C levels (Fig. 2). Although reduced in total
quantities, the relative amounts of IPC, MIPC, and M(IP),C in
strain W303-Aelo2 resembled the relative amounts of these
lipids in wild-type strain W303-1A, whereas strain W303-Aelo3
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FIG. 2. Sphingolipid analysis of strains with Aelo2 and Aelo3 deletions. An
autoradiogram of a thin-layer chromatographic plate with separated 3?P-labeled
sphingolipids from W303C (ELO2 ELO3), W303-Aelo2, and W303-Aelo3 is
shown (A). The radiolabeled spots were scraped; and IPC (filled bar), MIPC
(grey bar), and M(IP),C (blank bar) were quantitated (B). Data are from three
separate experiments, and the error bars represent standard deviations.
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showed a relative increase in IPC levels (Fig. 2). The IPC
species of the Aelo3 strain appeared to be heterogeneous,
possibly due to production of very-long-chain fatty acids of
various chain lengths.

Cloning and identification of SYR4/IPTI. A single transfor-
mant of syringomycin E-resistant strain SS56 carried a plasmid,
p56-1A, with an 8-kb genomic insert that restored the syringo-
mycin E sensitivity phenotype. SYR4 was identified within this
insert by disruption with a Tn5 transposable element by fol-
lowing the methods of Ohya (28). Thirty E. coli isolates carry-
ing p56-1A plasmids with Tn5 insertions were isolated by their
ability to grow on medium containing 200 ng of kanamycin per
ml. The plasmids were isolated individually and were used to
transform strain SS56. One plasmid unable to complement the
SS56 syr4 mutation due to a Tn5 insertion in plasmid-borne
SYR4 was recovered. Determination of the DNA sequence that
flanked the Tn5 transposon followed by BLAST program com-
parisons with the Saccharomyces Genome Database revealed
that SYR4 is identical to IPT1, the gene recently identified as
the yeast phosphorylinositol transferase, M(IP),C synthase
(11).

Deletion of SYR4/IPT1 and effect on susceptibility to syrin-
gomycin E. To verify that a mutation in SYR4/IPTI was re-
sponsible for the syringomycin E resistance phenotype of SS56,
a strain with a Asyr4/ipt] deletion was made by the one-step
disruption method (30). A 1-kb fragment of the 5’ portion of
SYR4/IPT1 was replaced with a 1.1-kb fragment containing the
URA3 gene. This construct was linearized and was used to
transform diploid strain W303-1A. The resulting transformants
(e.g., strain W303-4a) were sporulated and were used for tet-
rad analysis. Four of the dissected tetrads were replica plated
onto YPD agar medium with and without 1 pg of syringomycin
E per ml and SC-ura agar medium. All four gave a 2:2 segre-
gation pattern with cosegregation of syringomycin E resistance
and growth on SC-ura medium, confirming that SYR#4/IPTI
promoted growth inhibition by syringomycin E. Gene deletion
was confirmed by Southern blot analysis of genomic DNA
isolated from strain W303H (Asyr4/iptl) and strain W303I
(SYR4/IPTI) by using SYR4/IPTI as a probe (data not shown).

Effect of SYR4/IPTI deletion on sphingolipid levels. The
sphingolipid compositions of strain W303H (Asyr4/ipt]) and
isogenic strain W303I (SYR4/IPT1) were determined by two-
dimensional thin-layer chromatography after incorporation of
[*?P]H;PO,. Autoradiography of thin-layer chromatograms re-
vealed the absence of M(IP),C from strain W303H (Asyr4/ipt1)
(Fig. 3). The identity of M(IP),C was confirmed by its ability to
resist deacylation under mild alkaline conditions, colabeling
with [*H]inositol, detection of mannose with orcinol staining,
and negative-ion electrospray ionization mass spectral analysis.
Dramatic increases in the amounts of MIPC (approximately
fourfold above the wild-type levels) were observed with strain
W303H (Asyr4/ipt1) (Fig. 4). This is expected since MIPC is the
substrate for Syrdp/Iptlp (11). A smaller increase in IPC levels
(approximately 33% above the wild-type levels) was also ob-
served. MIPC represented 8% of the total inositol-containing
sphingolipids in strain W303I (SYR4/IPT1), whereas it repre-
sented 37% in strain W303H (Asyr4/iptl), while the total ra-
dioactivity incorporated into sphingolipids was only slightly
decreased (about 10%) in the mutant with the deletion.

To determine if the increased MIPC levels in syr4/ipt] mu-
tants caused less susceptibility to syringomycin E, the relation-
ship between syringomycin E sensitivity and MIPC accumula-
tion was investigated. S. cerevisiee CTY1-1A contains a
temperature-sensitive allele of SECI4, which encodes a phos-
phatidylinositol transfer protein required for secretion (3).
This strain accumulates twofold higher levels of MIPC than its
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FIG. 3. Sphingolipid analysis of a strain with the Asyr4/ipt] deletion. The
results of two-dimensional thin-layer chromatography of 3?P-labeled lipids of
W303H (Asyr4fipt]) (A) and W3031 (SYR4/IPTI) (B) are shown.

parental wild-type strain, CTY182, at permissive temperatures
(36). In the present study, strains CTY1-1A and CTY182 were
similarly sensitive to syringomycin E (Fig. 5). This result indi-
cates that accumulation of MIPC was not the cause of the
resistance of the strain W303H (Asyr4/ipt1) to syringomycin E.

Susceptibility of Acsgl/surl and Acsg2 deletion mutants to
syringomycin E. Because the steps preceding and following the
addition of mannose in the sphingolipid biosynthetic pathway
lead to syringomycin E resistance, it was of interest to study the
importance of the mannosylation step itself for susceptibility to
syringomycin E. Strains that had Acsgl/surl or Acsg2 deletions
and that were defective for mannosylation were less suscepti-
ble to syringomycin E than isogenic wild-type strains (Fig. 6).
Mutants with both types of deletion displayed no MIPC and
had increased levels of IPC compared to the levels in isogenic
wild-type strains, in agreement with previous reports (4, 8, 42)
(Fig. 6). However, although reduced in amounts, M(IP),C was
still detected in lipid extracts of the strains with Acsgl/surl and
Acsg2 deletions, with the latter showing barely detectable levels.

DISCUSSION

The findings presented above identify five sphingolipid bio-
synthetic genes that promote the susceptibility of S. cerevisiae
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FIG. 4. Quantification of sphingolipids in a strain with the Asyr4/ipt] dele-
tion. Strains W303I (SYR4/IPT1) and W303H (Asyr4/iptl) were labeled with
[**P]H;PO,; and the sphingolipids IPC (filled bar), MIPC (grey bar), and
M(IP),C (open bar) were extracted and quantified as described in Materials and
Methods. *, M(IP),C was not detected in extracts from strain W303H (Asyr4/
iptl). Data were obtained from three separate experiments. Error bars represent
standard deviations.

W303H

to syringomycin E. SYR3/ELO2 and ELO3, SYR4/IPTI1, and
CSG1/SURI and CSG2 encode enzymes responsible for elon-
gation of the N-acylated very-long-chain fatty acids, attach-
ment of the terminal phosphorylinositol group, and mannosy-
lation, respectively, of the yeast sphingolipids. Although they
facilitate sensitivity to syringomycin E, these genes are not
required for growth in standard laboratory growth media. Mu-
tations of these genes confer resistance to other antifungal
cyclic lipodepsinonapeptide analogs of P. syringae pv. syringae.
The degree of resistance, however, appears to vary according
to the gene and analog. Cross-resistance to syringotoxin and
syringostatin A is displayed in syringomycin E-resistant mu-
tants of eight different gene complementation groups corre-
sponding to genes that include the sphingoid base C-4 hydrox-
ylase gene, SYR2, SYR3/ELO2, and SYR4/IPTI (39). By
comparison, yeast mutants defective in SYR2 are strongly re-
sistant to pseudomycin B, whereas mutants defective in SYR3/
ELO2, ELO3, SYR4/IPT1, CSGI/SURI, and CSG2 are only
slightly resistant to this analog (at concentrations that are two-
fold higher than those needed to inhibit parental wild-type
strains) (D. Young and J. Radding, unpublished data).

How the functions of these genes allow sensitivity to syrin-
gomycin E is not clear. One possibility is that the structural
modifications that they impart are necessary for proper binding
of syringomycin E to the plasma membrane that leads to chan-
nel formation (14). M(IP),C and MIPC (produced by Syr4p/
Iptlp and by Csglp/Surlp and Csg2p, respectively) are abun-
dant in the plasma membrane (24) and will significantly
increase the negative charge density on the outer surface of
this membrane. The cationic cyclic peptidyl portion of syrin-

W303H [§ SRS
CTY182 ;’y‘
cryl-1A [ T ]

0 02 04 038
Syringomycin E (pg/ml)

FIG. 5. Syringomycin E sensitivity of MIPC-accumulating strain CTY1-1A
(sec14-3°). Strains CTY1-1A (sec14-3*), CTY-182 (SEC14), and W303H (Asyr4/
iptl) were plated onto YPD agar medium containing 0, 0.2, 0.4, or 0.8 pg of
syringomycin E per ml and were grown at a permissive temperature (28°C).
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FIG. 6. Effects of CSG1 and CSG2 deletions on sphingolipid composition
and syringomycin E sensitivity. (A) Thin-layer chromatograph of sphingolipids of
strains with Acsg/ and Acsg2 deletions. Yeast strains were grown and labeled in
YPD medium containing 10 .Ci of [**P]phosphoric acid per ml for 16 h. Lipids
were extracted, deacylated with methylamine reagent, and analyzed by thin-layer
chromatography. Lane 1, 39alt22A (CSGI1 CSG2); lane 2, 39alt22A Acsgl
(csgl::LEU2 CSG2); lane 3, TDY2037 (CSG1 CSG2); lane 4, TDY2038 (CSG1
csg2::LEU2). (B) Syringomycin E sensitivity of csgl and csg2 strains. Five colo-
nies of each strain were plated onto YPD medium with 0.5 pg of syringomycin
E per ml. The strains shown are as follows: CSG1, strain 39alt22A; Acsgl, strain
39alt22AAcsgl; CSG2, strain TDY2037; Acsg2, strain TDY2038.

gomycin E should interact favorably with these sphingolipid
polar head groups. Similarly, the full-length very-long-chain
fatty acids produced by Syr3p/Elo2p and Elo3p may be needed
for optimal positioning of the sphingolipids in the plasma
membrane to promote syringomycin E binding and channel
formation. A second possibility is that these functions modu-
late the relative amounts of IPC, MIPC, and M(IP),C to either
promote or prevent the ability of syringomycin E to interact
with the plasma membrane. A Asyr3/elo2 mutant produced
small amounts of IPC, MIPC, and M(IP),C, consistent with a
previous report (27), and a Aelo3 mutant produced signifi-
cantly less MIPC and M(IP),C but normal amounts of IPC
(Fig. 2). As expected, a Asyr4/ipt] mutant lacked M(IP),C and
accumulated MIPC (Fig. 4). Syringomycin E resistance did not
appear to result from MIPC accumulation since a secretory
pathway mutant (sec/4-3") accumulated MIPC and was sensi-
tive to syringomycin E (Fig. 5). Likewise, the Acsgl/surl and
Acsg2 mutants lacked MIPC and accumulated IPC (Fig. 6). It
is not known if IPC accumulation results in resistance to sy-
ringomycin E. Finally, it is possible that M(IP),C with fully
elongated very long chain fatty acids may be the source of
growth-inhibitory phytoceramide. Thus, syringomycin E may
activate M(IP),C hydrolysis to generate phytoceramide anal-
ogous to hydrolytic generation of ceramide from sphingomye-
lin in mammalian cells (19, 20). Addition of cell-permeative
(short-chain) analogs of phytoceramide to yeast are reported
to inhibit growth (26), and a yeast M(IP),C hydrolase activity
has been measured (41).

Both SYR3/ELO?2 and ELO3 fully restored the sensitivity of
strain SS33 to syringomycin E, but the mutation in this strain
was in SYR3/ELO2 rather than ELO3. Oh et al. (27) showed
that overexpression of either ELO2 or ELO3 fully comple-
mented elo2 mutants with production of sphingolipids with all
of the very-long-chain fatty acids (C,, to C,s). The inverse
complementation of elo3 mutants by ELO2, however, was not
complete since it did not allow production of sphingolipids
with C,4 very-long-chain fatty acids. Also, in the present work,
crosses between strains SS33 and W303-Aelo3 produced dip-
loids that sporulated poorly and that prevented germination of
haploids consistent with previously described phenotypes of
analogous elo2/ELO?2 and elo3/ELO3 diploids (31).
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Both Acsgl/surl and Acsg2 deletion strains still produced
M(IP),C, albeit at lower levels compared to the levels pro-
duced by isogenic wild-type strains. This observation suggests
that these two genes are functionally redundant for production
of M(IP),C or that other routes for its synthesis exist. Similar
low levels of M(IP),C production by these mutants were ob-
served by Daum et al. (8). However, Beeler et al. (4) and Zhao
et al. (42) observed that Acsgl/surl and Acsg2 mutants did not
produce M(IP),C. Conceivably, because of the relatively high
polarity of M(IP),C and the use of different lipid extraction
solvents, these discrepancies are due to differences in extrac-
tion efficiencies of this sphingolipid.

Because mutants defective in SYR3/ELO2, ELO3, SYR4/
IPT1, CSG1/SURI, and CSG2 were viable, it may be specu-
lated that natural resistance to the pseudomonad cyclic li-
podepsipeptides may be common among the yeasts and fungi
found in nature. However, determination of the nonessential-
ity of these genes has been confined to studies with nutrient-
rich laboratory growth media (e.g., YPD medium) and under
favorable growth conditions (e.g., high-level oxygen tension).
These genes may conceivably have more critical contributions
to growth and survival under the typically more stringent con-
ditions of natural environments. Thus, the prevalence and pro-
pensity for development of fungal resistance to these cyclic
lipodepsipeptides in natural environments remain to be deter-
mined.

In summary, the results show that sphingolipids play major
roles in the susceptibility of yeast to the plant bacterial and
antifungal metabolite syringomycin E. When combined with
the previous finding that sphingoid base C-4 hydroxylation is
needed for syringomycin E action (17), a general picture
emerges in which structural modifications that occur during
sphingolipid biosynthesis promote susceptibility to this antifun-
gal agent. Sterols also influence the ability of syringomycin E to
inhibit yeasts (37, 40) as well as formation of ion channels in
planar lipid bilayers (15). It is of interest to determine (i) if
these two lipid classes work independently or synergistically to
promote syringomycin E action and (ii) by what mechanisms
these lipids may facilitate ion channel formation in the yeast
plasma membrane.
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